Lysobacter lactamgenus produces cephabacins, a class of b-lactam antibiotics which have an oligopeptide moiety attached to the cephem ring at the C-3 position. The nonribosomal peptide synthetase (NRPS) system, which comprises four distinct modules, is required for the biosynthesis of this short oligopeptide, when one takes the chemical structure of these antibiotics into consideration. The cpbI gene, which has been identified in a region upstream of the pcbAB gene, encodes the NRPSpolyketide synthase hybrid complex, where NRPS is composed of three modules, while the cpbK gene -which has been reported as being upstream of cpbIcomprises a single NRPS module. An in silico protein analysis was able to partially reveal the specificity of each module. The four recombinant adenylation (A) domains from each NRPS module were heterologously expressed in Escherichia coli and purified. Biochemical data from ATP-PPi exchange assays indicated that Larginine was an effective substrate for the A1 domain, while the A2, A3 and A4 domains activated L-alanine. These findings are in an agreement with the known chemical structure of cephabacins, as well as with the anticipated substrate specificity of the NRPS modules in CpbI and CpbK, which are involved in the assembly of the tetrapeptide at the C-3 position.
Introduction
A variety of bioactive peptides are produced by bacterial and fungal species via a protein thiotemplate mechanism catalyzed by nonribosomal peptide synthetase (NRPS) (Mootz et al., 2002) . Cephabacins are a class of cephem antibiotics which have been isolated from the Gram-negative bacilli Lysobacter lactamgenus or Xanthomonas lactamgena Nozaki et al., 1984) . These secondary metabolites -which are classified into cephabacin F or H depending on the presence (F) or absence (H) of a formylamino residue in the C-7 position -act on peptidoglycan-synthesizing enzymes in prokaryotes, affecting cell wall integrity . In contrast to other b-lactam antibiotics, cephabacins have an oligopeptide substitute at the C-3 position of the cephem nucleus. The antibiotic is formed through a biosynthetic pathway that includes two (early) steps related to isopenicillin N formation, three (intermediate) steps common to cephalosporin C biosynthesis (Liras, 1999) , and specific steps in the biosynthesis of cephabacin F and H (Martin, 1998; Sohn et al., 2001) . The genes involved in the early and intermediate steps were characterized by both a Japanese research team , and by our group (Ryu & Nam, 1997) . However, the genes responsible for the biosynthesis of an oligopeptide moiety at the C-3 position, the transfer of a formylamino group at C-7 position and the final assembly of cephabacins, have not yet been characterized.
Based on the chemical structure of the cephabacins we anticipated the involvement of another NRPS which would differ from L-a-aminoadipyl-L-cysteinyl-D-valine (ACV) synthetase (PcbAB) in its biosynthesis of the oligopeptide moiety at the C-3 position (Sohn et al., 2001) . Cloning of a 24 kb fragment from the region upstream of the pcbAB gene revealed two ORFs comprising four NRPS modules and one polyketide synthase (PKS) module (the cpbI and cpbK genes) ( Fig. 1a) Sohn et al., 2001) . Even though the cpbJ gene encoding an ABC transporter (Park et al., 2004) was located between cpbI and cpbK, the simultaneous expression of cpbI and cpbK leads to the formation of a large multifunctional NRPS-PKS hybrid. Each of the four NRPS modules in this hybrid consists of three domains: condensation (C), adenylation (A) and thiolation (T), arranged in that order (Fig. 1b) . The A domain determines the substrate specificity of each NRPS module by the recognition, binding and activation of a specific amino acid through the hydrolysis of ATP (Kleinkauf & von Döhren, 1996; Stachelhaus et al., 1998) . In this study the A domain genes from each NRPS module in cpbI and cpbK were subcloned, over-expressed and biochemically characterized, in order to better understand the later specific steps in cephabacin biosynthesis.
Materials and methods

Microorganisms and cultivation
We used Escherichia coli XL1 Blue [F À proAB 1 lac q lca Z ?M15 Tn10 tet J ] for gene manipulation and E. coli
for the over-expression of recombinant proteins. They were cultivated on Luria-Bertrani (LB) medium (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0). If necessary, ampicillin or kanamycin was added at a final concentration of 100 mg mL À1 or 25 mg mL À1 , respectively. The Lysobacter lactamgenus IFO14288 was grown in PYM medium (1% peptone, 2% yeast extract, 0.1% MgSO 4 , pH 7.0) at 30 1C for 48 h.
DNA manipulations
Plasmid and cosmid DNA isolation and E. coli transformation were performed according to standard methods (Sambrook et al., 1989) . Four sets of specific forward and reverse primers: A1-F (5 0 -GCGCCAT ATGGGCTATCTGCG-GACCGCG-3 0 ) and A1-R (5 0 -GCCAAGCTTCGACCAGC CGGGTTTCGATCTCGC-3 0 ); A2-F (5 0 -TTGCCCATGGTC GCGGCGATG-3 0 ) and A2-R (5 0 -TTAACAAGCTTCAGAC GCAGTTCGG TCTC-3 0 ); A3-F (5 0 -GCGCATATGGCC-GAGGTCATGGCCCGCC-3 0 ) and A3-R (5 0 -CCAAGCTT CGG CGAGCGCGCTCTCGATTCC-3 0 ); and A4-F (5 0 -GAA CCATGGACTTTTTCGAACAACAG-3 0 ) and A4-R (5 0 -CAA AAGCTTGATGGCTCCAGGTCGTT-3 0 ), were designed for the amplification of the A domains in cpbI and cpbK. The PCR reaction mixture (50 mL) was composed of 5 mL of 10 Â PCR buffer (100 mM Tris, pH 8.3, 500 mM KCl, 25 mM MgCl 2 ), 4 mL of 2.5 mM dNTP, 2 mL of 25 mM forward and reverse primers, 0.4 mL of 5 IU mL À1 of Taq DNA polymerase, and 5 mL of dimethylsulfoxide. The amplification was carried out using the pPTS2-1 or pPTS5 cosmid (Sohn et al., 
Gene expression and purification of recombinant proteins
The overexpression of recombinant proteins was carried out in E. coli BL21(DE3). The cells expressing each A domain were grown in LB medium at 25 1C, supplemented with the appropriate antibiotic until its OD 600 reached 0.6$0.8. Gene expression was induced by 0.4 mM isopropyl-b-D-thiogalactoside (IPTG) and allowed to continue for 4$6 h at 25 1C. Bacterial cells were harvested by centrifugation, resuspended in lysis buffer (20 mM Tris, pH 8.0, 500 mM NaCl, 5 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, 2% Triton X-100 and 10% glycerol) (Chang et al., 2002) , and lysed by sonication on ice for 20 min using an ultrasonic processor (Heat System, NY). In the case of the A4 domain, Nlauroylsarcosine (Sarcosyl) was added to the lysis buffer at a final concentration of 1.5% (Charbonnier et al., 2001) . The lysates were centrifuged at 20 000 g for 20 min at 4 1C to remove the cell debris, and the supernatants collected were clarified through a 0.45 mm membrane filter. The soluble extracts thus obtained -which contained the recombinant proteins -were applied to NTA-chelating Sepharose resin (Peptron, Daejon, Korea) and purified following the manufacturer's protocol. The eluted His-tagged A domains were then dialyzed overnight at 4 1C against a storage buffer (25 mM Tris, pH 8.0, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, and 10% glycerol) using cellulose tubing (Sigma-Aldrich, St Louis, MO) with molecular weight cut-off of 12 000-14 000 Da, divided into aliquots and flash frozen at À 70 1C. Protein concentration was determined by Bradford assay and protein purity was assessed using 10% sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE), followed by staining with Coomassie Brilliant Blue.
ATP-[ 32 P] PPi exchange assay
The amino acid-dependent ATP-PPi exchange assay for each A domain was conducted using a procedure modified from previous protocols (Chang et al., 2002; Pavela-Vrancinc et al., 2004) . The reaction mixture (100 mL) contained 8.5 ng of recombinant A domain, 100 mM NaCl, 10 mM MgCl 2 , 0.2 mM DTT, 0.1 mM EDTA, 1 mM ATP, 0.1 mM tetrasodium pyrophosphate (PPi) with 0.5 mCi of [ 32 P]PP i (NEN, NA), 1% glycerol, and 1 mM of the indicated amino acid substrate in 75 mM Tris buffer (pH 7.5). ATP-PPi exchange was initiated by the addition of an A domain and allowed to proceed for 60 min at 25 1C. For the negative controls, 25 mM Tris buffer was added instead of the enzyme or amino acid. The reaction was terminated by the addition of cold 1.2% (w/v) activated charcoal (Norit, the Netherlands) in a solution of 0.1 M PPi and 0.35 M perchloric acid. The free ( 32 P) phosphate was removed by centrifugation and the charcoal precipitates were washed twice with a wash solution (0.1 M tetrasodium PPi and 0.35 M perchloric acid). The final wash solution was aspirated and the precipitate was dissolved in 900 mL water. The resulting suspension was mixed with 4 mL of scintillation cocktail and the bound radioactivity was counted on a LS-6800 scintillation counter (Beckman, CA).
Protein sequence analysis
The A domain sequence of CpbI and CpbK was aligned with the data bank thus created of over 150 different A domain sequences using ClustalW (http://www.ebi.ac.uk/clustalw/), and the putative substrate binding pocket-lining residues of each NRPS module were identified by following previously described strategies (Stachelhaus et al., 1999; Challis et al., 2000) .
Results
Dissection of NRPS/PKS modules in a cephabacin biosynthetic gene cluster and prediction of their action
The protein sequence analysis of CpbI (5049 amino acids), which comprises three NRPS modules and one PKS module, showed that each NRPS module in cpbI consisted of the three basic C, A and T domains, while the PKS module comprised the ketosynthase (KS), acyltransferase (AT), ketoreductase (KR), acyl carrier protein (ACP), and thioesterase (TE) domains (Fig. 1b) . In contrast, CpbK (1059 amino acids) is a single NRPS module which includes the C, A and T domains. The number of NRPS modules in these two genes matched with the corresponding number of amino acid residues incorporated into the oligopeptide side chain at the C-3 position in cephabacins.
The A domains that catalyze the adenylation of cognate amino acid substrates are typically about 550 amino acid residues long and have a sequence identity of 30-60% (Stachelhaus & Marahiel, 1995) . An alignment of different A domain sequences has demonstrated that there are 10 highly conserved regions in particular, the so-called A-motif sequences, which are interspersed with regions of lower homology (Stachelhaus et al., 1999; Challis et al., 2000) . These A-motifs were also identified in the four A domains in CpbI and CpbK (Fig. 2) . Furthermore, the sequences around the catalytic site, which are distinct from the 10 A-motif regions, are highly homologous among the A domains recognizing the same amino acid substrates (Challis et al., 2000) . These residues are likely to be responsible for substrate recognition and binding. The eight amino acids lining the substrate-binding pocket between the A-motifs 4 and A-motifs 5 in the A1, A2, A3 and A4 domains were also generated, as shown in Fig. 2 and as compared in Table 1 . The coding residues of the A1 domain exhibited a 50% identity and 85% similarity to those of the putative SyrE5, recognizing L-arginine as a substrate (syringomycin synthetase I in Pseudomonas syringae) (Guenzi et al., 1998) . However, the key amino acids in A1 also showed a very high homology to module 1 of BacB from bacitracin biosynthesis (Konz et al., 1997) . Residues in the active site of the A4 domain in CpbK showed a 100% identity to JamO (Lalanine specific NRPS from jamaicamide biosynthesis) (Edwards et al., 2004) . The binding pocket constituents of the A2 and A3 domains exhibited a somewhat lower homology to other putative L-alanine-specific A domains like Cpps1 (module 1, Claviceps purpurea) (Tudzynski et al., 1999) , Hts1 (module 2, HC-toxin synthetase in Cochliobolus carbonum) (Scott-Craig et al., 1992) , and CssA (module 11, cyclosporin synthetase in Tolypocladium inflatum) (Weber et al., 1994) . Moreover, these two A domains showed a 65% identity and 87% similarity in alignment to each other. The discrepancies in positioning and the type of the coding amino acids in the active sites of the A1, A2, A3 and A4 domains compared to other A domains necessitated a further biochemical characterization of these A domains.
Subcloning, expression and purification of the A domains
The A domain works as a single enzymatic unit alone, without the support of a C or T domain. Thus, our attempts at analysis were directed towards the over-expression of Fig. 2 . Identification of the substrate-determining residues of the four A domains in CpbI and CpbK. An asterisk ' Ã ' indicates identical residues, a colon ':' indicates residues with a high level of chemical similarity, and a period '.' indicates residues with a low level of chemical similarity. The eight residues lining the substrate binding pocket are indicated by a black background in the alignment and the A-motifs are indicated by a gray background.
single A1, A2, A3 and A4 domains in their soluble active form and subsequent efficient purification.
The pPTS-2-1 and pPTS-5 cosmids, which had previously been selected by the screening of a pHC79 cosmid library with a probe comprising a conserved region of a C domain (Sohn et al., 2001) , were used for the amplification of four A domains. The resulting PCR products were cloned in-frame into pET expression vectors at NdeI-HindIII sites for A1 and A3 and at NcoI-HindIII sites for A2 and A4. The recombinant plasmids were effectively transformed in E. coli BL21(DE3), and the production of protein was confirmed on 10% SDS-PAGE after induction with 1 mM IPTG at 37 1C. To obtain the A domains in a soluble form the expression conditions were optimized as follows: gene induction with 0.4 mM IPTG for 4 h at 25 1C and 150 r.p.m. (Makrides, 1996; Charbonnier et al., 2001) . Under these conditions the A1, A2 and A3 recombinant proteins exhibited significant solubility and the protein extracts obtained were subsequently purified using Ni-affinity chromatography. Although the expression and extraction conditions varied greatly, the A4 recombinant protein did not show a significant increase in its solubility. We also applied another approach to enhance its solubility, employing a combination of 1.5% Sarcosyl and 2% Triton X-100 as detergents during the lysis stage (Charbonnier et al., 2001) . However, Sarcosyl is an anionic detergent that in higher concentrations has an affect on Ni-affinity chromatography. The soluble fraction containing an A4 domain was therefore diluted down to a 0.2% final concentration of Sarcosyl, prior to the purification step. The purified A1, A2, A3 and A4 recombinant proteins (Fig. 3) were dialyzed against storage buffer, divided into aliquots and stored at À 70 1C prior to the enzymatic assay.
Biochemical determination of substrate specificity of adenylation domains by ATP-PPi exchange
The amino acid-dependent ATP-PPi exchange reaction catalyzed by each A domain was based on its ability to activate a free amino acid precursor by hydrolysis of ATP, leading to the formation of an enzyme -aminoacyl adenylate complex. The ATP-PPi exchange assays for each A recombinant protein were carried out with 20 different Guenzi et al. (1998) Ã Amino acids that were biochemically characterized or anticipated as substrates for the A domains. proteogenic amino acids. Among the amino acid substrates tested, A1 exhibited the highest activity for L-arginine, whereas A2, A3 and A4 showed a high substrate specificity for L-alanine (Fig. 4) . These results correspond well to the amino acid order in the constituent at the C-3 position of cephabacin, as well as with predictions considering the organization of the gene (Fig. 1c) .
Discussion
CpbI and CpbK are found in a giant protein complex that catalyzes the biosynthesis of a tetrapeptide moiety. The composition of the NRPS and PKS modules in cpbI and cpbK is consistent with the modular structure of known bacterial NRPS and PKS genes (Liras, 1999; Mootz et al., 2002) . The number of NRPS and PKS modules in those genes corresponds to the number of amino acids and the acetate residue conferred in the constituent at the C-3 position in cephabacins (Fig. 1c) .
In some NRPS modules a relaxed substrate specificity results in the incorporation of more than one type of amino acid substrate, giving rise to the formation of various final products in vivo (e.g. tyrocidine biosynthesis Mootz & Marahiel, 1997) . In other NRPS modules, an in vitro assay of the A domain activity exhibited some variability in substrate specificity, whereas in vivo the natural enzyme incorporated only one amino acid substrate. An alignment used to generate consensus codes allowed the substrate specificity of uncharacterized NRPS modules to be predicted from the sequence data (Stachelhaus et al., 1999; Challis et al., 2000) . A study of their selectivity was supported by a determination of the crystal structure of the A domain in gramicidin S synthetase GrsA (Mootz & Marahiel, 1997) .
The key residues in the active site of four A domains in CpbI and CpbK were also identified, following previously cited methods.
When taking into consideration the chemical structure of cephabacins, their gene organization (Fig. 1) , and an alignment of the amino acid residues lining the substrate binding pocket with different A domains (Fig. 2) , we tried to anticipate their significance in cephabacin biosynthesis. The coding residues of the A1 domain showed a high homology with those of SyrE5 and it was concluded that this domain recognizes L-arginine. We assumed that the glutamic acid (E) at position 239 takes the function of aspartic acid (D) at position 278 in SyrE5 in utilizing the L-arginine as a substrate (Table 1 ). The A4 domain exhibited a 100% identity with an A domain that had already been characterized in JamO (Edwards et al., 2004) , which gave evidence that it activates L-alanine. However, compared to the other A domains activating L-alanine, A2 and A3 showed some diversity in the organization of their active sites (Table 1) . In some cases it has been shown that the same amino acid can be activated by A domains with different predicted selectivity pocket residues, which implies some degeneracy in the established correlations (Stachelhaus et al., 1999; Challis et al., 2000) . This degeneracy may originate from the fact that GrsA recognizes L/D-phenylalanine, which has a relatively large side chain (Conti et al., 1997) . Where alanine, glycine or valine is the substrate, the A domain has to recognize a relatively compact hydrophobic side chain. Therefore, the model of seven to eight substrate-determining residues in the binding pocket seems to be poor one for an understanding of the selectivity of A domains.
The A1, A2, A3 and A4 domains were purified (Fig. 3 ) and subjected to an ATP-PPi exchange reaction with 20 proteogenic amino acids. The biochemical results obtained implied that A1 activates L-arginine, while A2, A3 and A4 utilize L-alanine as a substrate (Fig. 4) .
Thus, the substrate specificity of each A domain provided direct evidence for the catalytic function of NRPS in CpbI and CpbK, and confirmed that these NRPS modules assemble a tetrapeptide in the later steps of cephabacin F and H biosynthesis. However, the final condensation step of the oligopeptide to the cephem ring after acetylation by PKS located at the carboxy terminus of CpbI has not been characterized. Furthermore, the reason why cephabacins have different lengths of amino acid residues at the C-3 position is unclear, despite the production of tetrapeptide by four NRPS modules according to the organization of the gene. One possibility is that after the production of cephabacin, the tetrapeptide side chain could be degraded by peptidases, either intra-or extracellularly.
